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Introduction

NASA’s New Millennium Prcrgrarrt (NMP) has been charielccl with
flight validaticm of “leapfrog” technologies in support of unmanned
spree science using low cost, niiniature  spacecraft and pruhcs.
NMI’ has utilized a two-pronged approach of using innovative
mission concepts (e.g. separated spacecraft interferometers) M
testbeds for new technology at the ccrmponent  level. l?re Iatkr is
the charter of six Integrated Prmluct Development Teams (lPI )1s)
representing a mix of government, industry, and university partnem.

While micro electromechanical systems (MEMS) is a cross-cutting
technology, primary responsibility for developing the MIIMS
roadrnap resides with the IPDT for In Situ Instruments and MfiMS
f,lSIM),  which consists of members from JPI., Southwest Research
Institute, Sandia National 1.aboratocy,  Stanford University, Ins
Alamos National Laboratory, and Air Force Phillips 1.aboratory.  In
sifu science instrurnenk  are those that provide direct measurenlents
of physical and chemical phenomena as well as particles and fields
in the vicinity of the probe. While M}\MS  devices have potential
uscs in communications, thermal nmrragement, inertial guidance,
and propulsion, the most immediate application for NASA is for in
siru sensors. Although this is the primary motivation for the pairing
of the two tcchnologics, it is also noteworthy that MEMS are, in
the.nrselvcs, tiny in sifu instruments

~lre lSIM lPIYf’ has emphasized defruition of system architectures
which benefit from and justify the develop[nent  of sensor-s,
instnrments.  and MIiMS ccrmponents which are decades snialler
than those in conventional use. i It has also addressed issues of
validatimr and qualification of MF.MS devices for space..2 lhis
paper will lay out the principles which govern the prioritization of
technologies, and will give several detailed exanlples. lSIM doss
not make a distinction between true MliMS and other rriiniature
“MIiMS-like” technology, and fc)r the sake of sirr)plicity  these
technologies will be referred to generically as MliMS,

General principles

Principle 1: MINvIS can not IIC justified for use on conver,tiorml
spaccctaft on the basis of per-unit fabrication cost, siz.c, or
powct  alone, nor typic-ally for performance, reliability, or
robnstncss. MI{MS typically do not perform better than their
ccmventional ccmnterpark and, because of their novelty, tyIjically
introdoce greater risk into critical space nlissions. Reduced unit
cost, which justifies much of commercial MIiMS dcvcloprnc nt,
seldom impacts the life cycle cost of a science-oriented spacecr.ift.
In a spacecraft weighing bondreds of kilograms, replacement of a
one kilogram science sensor by a MIIMS device. weighing a few
grams does not have enough impact to justify the increased risk.

“lIre above is not intended to imply that opportunities for MEhfS are
not plentiful. ~;or many spacecraft applications there are tremendous
rr~ass rrlultipliers, either because large numbers of sensors nmst be
deployed or, for example, bccrrcrse  kilogranls of cryogen are required
for each gram of sensor. In certain instimccs MI{MS devices offer
critical performance advantages, such as in high in~pact applications.

By far, however, the greatest opportunity fc)r MIiMS  is in the
context of a completely rc-engineered probe in which ill subsystems
are miniaturized to MIIMS scale. As will be discussed below,, this
con be achieved in the near term for carefully selectecf applications
where full spacecraft capability @reticularly propulsion, navigation,
and deep space conrnluoication) are not required.

Principle 2: It is easy to recognize things that work well on a
large scale hut poorly on a MEMS scale. It is harctcr  to
recognize  things that work poorly on a large scatc  but well on a
MI;MS  scale. A good example of this phenomenon is propulsion
and braking technology. Valves leak badly on the MF<MS  scale, and
are a limiting factor in irnplenlenting  rnicropropulsion  systems.
I)irect  sublimation of solid fuel, which can be slow and poorly
controlled on a large stole, can be extremely precise on a MEMS
stole due to the low thermal mass and short time constants. Photon
pressure prc,prrlsion  systems, which WCWIC1  require square kilometers
of solar sails for conventional spacecraft become feasible and
attractive fc)r small enough payloads. }Iigh impact landing works
well on a MI;MS scale, as does aerobraking (see below), but
parachutes don’t work well because of the sensitivity to winds.

Principle 3: Dcvcloprnent  of advanced in situ instruments must
support an evolutionary trend towards instrumcmt  aotonomy.
Key to instr urnent autonomy is severirlg of the umbilical which ties
the instrun~ent to the sp~cecraft. Typical science instruments consist
of one or more sensors, a mechanical structure, deployment
niecbanisms, sample handling devices, power nurnrigerncnt  andlor
sources, zudog  trnct/or digitol electronics, data processing and
communication resources. I;or example, a ccmventic,rrll  instrument
transurits data over a scrid  line to a spacecraft corrlprrter. Using
cunent  technology, this line carr be repkrced by a wireless link.
Traditional instruments receive power fru[n the spacecraft. Many
low power instruments can now & run entire]y frcrn~ small, ]ong-life
batteries. Iir]\hcdcle.d processors are Eccoining commonplace,
replacing ~ depeuclcnce on central spacecraft processors.

Key to instrrrrrlent autonomy is rrlc)bility, which results in new
approaches to sm[[iple acquisiticm technology, by bringing the
instrurnerlt to the sarr]ple instead clf vice versa. lhis category of
probes or “seusc,rcraf[” includes n]obility in space (free flyers), in
planetary a t m o s p h e r e s  (bolloous), or) surfaces (rovers)  and
unclcrgrmrrld  (pcnctrators).

In abwrdoning the prc>tective  shell of the spacecraft, the instnrment
is exposed to mcm extrernc environn~cnts tbarr in conventional
practice. Llnprc,kctcd by the radiation shielding of the spacecrfift,
for cxaniple, instrurncmt  electronics designers will need to ~
attmrtive to radiation hard fabrication and oper~tion protcrcols.
Mechanical shock c,ften is extreme, particularly in larded  packages.
Of o~ost general conccrrl, however, is the thermal stress imposed on
autonomous instruments, both static (cxtrc;,]ely low ancl high
temperatures) and dynamic (frequent tentpcrature  cycles).

‘llrc cfyrmniic problcm is one encountered on earth, for exmnple, in
under-the-hood autorrlc)rive applications where 100K temperature



swings a r e  coalmorr. The requirement of operation at low
tempera turca is also reasonably well understood from terrestrial
expenen~,  and is compatible with common semiconductor devices
(silimn and gallium arsenide, for example). The most severe
constraint with respect to low temperature operation is batlery
technology, where little or no technology exists for operation below
200K. The high temperature operating environment (e.g. for Verrm
landers) is poorly developed with respect to electronics, and would
require breakthroughs in, for example, silicon earbide based
semiconductor circuitry.

In shor~  the instrument of the future “asks less” of the spacecraft. It
is more autonomous, and may only require a parent spacecraft tc,
bring it to the vicinity of its measurement locale and to relay data
back to Earth. Ile following table attempts to capture this
evolutionary dire~ion:

TAIILE 1: EVOLUTION OF AN INSTRUMENT

Subsystms Conventlaoal Ehturt Irsstr-umcnti
Instrument

Power Provided by Batteries & pholovol!ai~
Spacecmfr

Dats & Telecoru Serial link to
—.—

Wireless link
Spacecraft

sample handling Sample received Iasuument,  travels 10;-  —

from sp2ec7-dft through sample

Stnsctrsm Bolted on to Self-contained, integrated —

spxcrdft with function——
-mctrdci Analog and Ardog  ci=;i~s a n d  ‘“ –

AD3DAC  functiom erotxdded  promssn m, dara
reducrion,  local nerwork—.-—-— ——... _________ ..— _ ._

Iepioyment  - shurrm,  b e r m Futt  rrlobility, including
platform< amw, micro propulsion

The Mat-s M Icroprobc

A specific example of an autonomous instrument for in si~u scienm
is the Mars Microprobe which is being proposed for NMP validation
in 1998.3 This probe typifies the above concepts in that meaningful
scien~ is to be perforu)ed by instrurrlents weighing substantially
less than 1 kg, and the entire package is to be deployed ~ronr  spoct-
in a vehicle weighing less than 2 kg Ile Microprobe is a su]all
penetrator  rmnsisting of a fore and aftbcdy linked by a cable, and
nestled inside a one-piae  aeroshell  approximately 30 cm i[l
diameter. Note that it is only for probes of such small size that
survivability can be achieved with aemptably Coo]pact aeroshells,
and it is only by eliminating more complex braking alcchanisrns
(parachute ,  rc-ckets, or airbags)  that such small sizes can be
achieved. l’he microprobe remains intact with no deployment of
braking devices until impact, when the penetrator ‘pierms the
aeroshell  and buries itself in the soil. I’here it can Perfora]
geological and mineralogical measurements. I“he aftbcdy remains
on the surface to perform meteorological and ccm]muni~ition
functions. While the quantity of scientific data that ean be re[urned
by a single such n]icroprobe “will be leas than that of a conventicmal
lander, networks  of microprobe ean be deployed around the planet
using no nlore resources than a single landing under conventional
assumptions.

l“he unusual deployment of the microprobe poses a particular
instrument integration challenge. F,lec[ronics, telecmnmuniations,
and power subsystems utilize rugged mul[ichip module eonstructiorl,
lrrstruments  must d e s i g n e d to withstand mechanical  shocks
associated with impact. In addition, since microprobe lack
resources to effectively control the thcrnlal environment, the
instruments must also be designed to operate at IOW temperatures

and to survive [he stress of frequent thermal variation. To save
weight, the systea] must operate on rriininlal power. [n the initial
implementation power will be limited to the few watt-hours
provided by lithium batteries, so all subsystems alust operate in
burst-and-sleep mode with low duty cycle. Subsequent generations
are ex~cted to deploy photovoltaic c-ells for continuous ~wer.

I)eployment of the forebody 50-100 cm beneath the surface is a
unique feature of the microprobe as compared to conventional
Iandcrs. The layer of soil above the forebdy  serves tc, cushion the
impact, insulate the probe from severe diurnal and seasonal
temperature variations, and protect instruments from wind,
radiation, and other sources of noise. Only select cmmponerrts such
as antennas and meteorological sensors are required to be placed in
the substantially more hostile aftbody on the surface.

Survivability of instrumentation under high impact deployment is
dependent both on the deceleration profile and the instrua]ent
packaging. [n simplest terals, the average g loading is related to the
impyt velccity vi~ and the penetration depth d by the equation
a=vi /2d. lle intended penetration depth of 50-100 cm indieatcs
that loads of 1000-10,000

?
must be tolerated in the proposed

implementa t ion  (g=9.8 m/s The depth of penet ra t ion  i s
approximately proportional to the ialpact velocity, with the result
that the average dec~leration of the foretxxty  increases linearly with
the impact vclcxity rather than quadratically. It is the small size of
the penetrator,  of course, that provides survivability under these
high impact wnditions.

Typical resource-s for first and semnd generation microprobe are
shown in l’able 2:

l’A1\l,It  11: hficroprobe  Resourc~

I First Generation Second Generation

I
Power 1-5 Watt-hr 1 W cmrrtinuous

Data  Voltrmc <1 MB 500 MB

I,ifetlme 500 hrs. 20,000 hrs.

lmstrumcnt -50  cn]3 -50  co13 (foreitiy)
Volllmc (forebcdy)

While successful dcploya]ent of a microprolx  demonstrates the
feasibility of Iow-cost network science on Mars, the actual scientific
value is dcpcndcnt on the capability of instrualents  which ean be
dcvclopcd to operate within severely eonstrained resources. A
nua]ber of sensors have been proposed for early demonstration,
some of which are described below. Ile proposed 1998 Microprobe
demonstration will select only a limited subset of these instrumcnfs.

A{eteorology

‘l’he two prinlary objectives of Mars network scicnec are
n]cteorology4 and seismometrys. The atmospheric pressure is

aPProxi6nlatcly  10 nlbar, and can bc measured by micromachincd
sensors . These are typically eapacitanm  manonlcters utilizing
sealed rcferenee cavities separated by a thin silicon nitride
njen}brane from the an] bient.

An approach more suited to this low pressure range is a variation of
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the Bayard-Alpert  gauge. In this method, a constant flux of ionizing
particles travers- the sample region and a small fraction collide
with the residual gas to produce positive ions which are collected
and amplified. For atmospheric pressure, the technique can be
implemented by replacing the hot filament ionizer with a small
alpha emitter such as the .bml~] source. used in commercial smoke
detectors. Such a sensor has been developed to tl[ within the mass
and volume allocation of the aftbody (f_tgu;e 1).7
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Fl~ure  1: Top - Calibration data for alpha particle pressure
sensor (the nonlinearity near zero is electronic in natu~ and has
subsequently been elimirtrtted).

A quantitative measure of atmospheric humidity is determination of
the dewpoint or frostpoint by detection of wmdemsation  on a surfaw.
In cmmrnercial systems, this is acc.ompiished by monitoring changes
in optical reflectivity on a chilled n]irror surface. l’he range,
response time, and energy consumption of these devices is limited
by the ability to heat and cxml the mirror. A smaller, faster, lower
power  implementa t ion  of a dewpaint  hygrometer has bcerf
developed at JPL by cxmpiing  a surface acoustic wave oscillato[
( S A W )  w i t h  a  s m a l l  themloelectnc  cooier.a As m o i s t u r e
aczumula~ on the SAW a smail shift in the resonant frequency is
observed. A feedback circuit alaintains  the SAW temperature at the
dewpcrint  so that noniinearities  of the frequency response or the
sticking probability do not degrade the measurement.
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Figure  2: Data from  a DC-8 test flight comparing the resi,onse
tin)e  of a SAW dewpoint  hygt-on)eter  to cor]ventiorral  chil led
mirror devices. (Note that the aircraft is descending, and time
increases from right to Icft).

The SAW depoint  hygrometer occupies less than 1 cn)~+  and, sinm
the. surface to be cooied is so sa)all,  can be operated down to 40
degrees below ambient temperature using less than a watt. As cm
be seen in figure 2, the response [ime of the miniature dewpoin[
hygrometer is substantially faster than [he chiiled m i r r o r
counterpart.

Sekmome(ry

Seismometry is a key objective of Mars network science, yet no
capabie seismometers exist outside the laboratory which can meet
the resourc-e requirements of the Miuoprobe.  The challenge is the
greater due to the fact that Mars is seisrniaily quieter than the
quietest location on earth, and requires more sensitive instruments
than those deployed on earth. Ail seisa)ometry signals associated
with the Viking mission cmrid be attributed to wind, and it was oniy
possible to canciude that Mars is not seismiczily more. active than
Ear[h.

It is desirabie  for Mars seismometers to have sensitivities
approaching 10-12gj/IIz. This sensitivity requires a deiicate preof
mass that rrlust be caged to survive impact. Seismometers are
required to measure long period phenontena up to tens of thousands
of seconds, so extremely low drift is a requirement. I“he principai
source of drift in seismometers is thermai, and the martian surface,
with a diurnai temperature variation c)f tens of degrees, poses a
serious impediment to seisraome(ry.  At depths of greater than 50
cm, however, the diurnai variation is less than one degree, and the
stabiiity problem bermmes  simpler. This is a compelling argument
for subsurface deployment. Of greatest importance, however, is the
fad that subsurface deployment reduc=~ the wind effects by several
decades.
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Figure 3: I)aL? frmn a  minia ture  se ismometer  wi th  a
micromachined  proof mass as comp:ired  to a conventional unit.

A seismometer developed al Jf’L for microprok  deployment
utilizes a nlicromachioed, 1 mm thick silicon proof mass weighing
approximately 1 gram. l’he proof mass is highly symmetrical and
has a resonant frequency of approxin,ateiy 10 }17..  While this is a
relatively high frequency as cmmpared to czmven[ionai  seismometers,
the increased rigidity substantially improves the shwk  resistance
and reduces long-term drift. A more rigid proof mass suffers
smaller displacement in response to a seismic impulse, requiring the
displa~rnent  pickoff to be substantially more “sensitive than the
transducers in more conventional instrun)ents  with softer springs.
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This is aczmuplished by means of an innovative high frequency

~pacitive  measurement siightly ‘etuned  frou~ ~sonan~. The resull
is a measured response OF better than 10g @l b..

Substantial compensation for the deereased  range of motion is the
fact that the highly flat proof mass is compatible with very small ga[,

capacitors, resulting in a larger relative change in capacitance signal
for emmparable a]otion (AC/C a AX/X) where AC is the change. in
capacitance resulting from a change in gap AX due to a seismic
motion. In the microprobe implementation, the eapaeitor  gap is 0.01
mm, resulting in a nominal capacitance range of 10-25 pF. l%c
seismometer operatea in a form feedback mode to impmve linearity
and dynamic range.

Mineralogy

The  leading candidate for verifi~tion of sucxxmfui acquisition of a
soil sample is the Fwolved  Water  Exper iment  (EWE). l“his
experiment uses a Tunable Diode l~ser (lL)L.)  spectrometer!?  to
quantitatively measure the water content of gasea which are
thermally desorbed from a soil sample. The objective of the
experiment is to determine the dominant mineral phase and
abundan~ of water in the soil, and to determine presenee or absenc~;
of ice near the surface.

The  TDL s~ctrometer is a miniaturization of a class of
spectrometers which have previously been deployed from ballcmn
and aircraft platforms for atmospheric chemistry. The complete
system consists of a temperature-controlled laser, detector, optics,
electronics, and gas sample chamber. The l“IIL itself t~ieally has a
linewidth  of .0003 czrr”*,  which is more than adequate for resolving
distinct spectral lines of many common speeie-s,  even in IO W

pressure Doppler-limited conditions such as those present on Mars.
To produce a spectrum, the TfX.  =n be scanned across several
wavenumtm-s by ramping the input current. The central wavelength
an be selected by cxmtrolling the laser temperature with a
thermoelectric cooler. Such a spectrometer is capable of det~ting
any low moleeular  weight species having an absorption band within
the aczeasible  wavelength range of the laser, including isotopic
variants (e.g. CO, C@, Nllj, 1120) with better than parts per billicm
sensitivity.

The objective of the EWE is to determine the evolution of water
fronl a soil sample subject to controlled heating of several hundrt  d
degrees rxntigrade. The 0.1-1.0 g soil sample is sealed in a
collection cup by a simple mechanism, and is heated by a battery-
powered  cmil at a ra[e of approximately 30” per minu[e. lle
evolved gas passes through a porous plug into a portion of the
analysis chamber isolated from the laser and detector by a quartz
window which is tilted to avoid specular reflection. l’he walls of the
chamber are heated only enough to avoid eondermation within the
defined instrument measurement range. Gases are continucmsly
vented with a flow impedanee  optimized for the measurement rate.
Since there }s a continuous ftow from the sample through the
measurement volume, an important objeztive of the test and
modelling program is to quantitatively associate soil water c-zmtent
with the measured gas concentration.

l’he total mass of the EWE is under 2.00 g in a volume. of <40 U.
The power rxmsumption is estimated at 2 W for 20 nlinutcs,
prin)arily for sample heating.
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